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Abstract
This paper presents the wear out related reliability studies of capacitors and magnetic components used for power elec-
tronic converters. Accelerated lifetime testing, failure mechanisms, lifetime prediction and reliability design are presented
based on the state-of-the-arts.
1 Introduction
Capacitors and magnetic components have become the req-
uisite components and applied almost in every electronic
circuits and energy conversion systems. As passive com-
ponents, they are commonly used for filtering harmonics,
storing and transferring energy, while inevitably contribute
high percent of volume, power loss and degradation, and
also failure rate for capacitors [1, 2, 3, 4].
With more and more stringent constraints brought by
power electronics applications, capacitors and magnetic
components encounter reliability aspect challenges: a) ca-
pacitors are one kind of the stand-out components in terms
of failure rate in field operation of power electronic sys-
tems [5]; b) high-frequency pulses enabled by power semi-
conductor devices could lead to insulation aging and other
uncertain failures for magnetic components, which has
never been systematically studied before; c) the trends
for high power density constraint the volume and thermal
dissipation of magnetic components and capacitor banks,
which could lead to overheating and parameter shifting
[6, 7]; d) cost reduction pressure from global competi-
tion dictates minimum design margin of these components
without undue risk; and e) they are to be exposed to more
harsh environments (e.g., high ambient temperature, high
humidity, etc.) in emerging applications.
To cope with these challenges, a lot of efforts are made to
the reliability of capacitors, in terms of failure identifica-
tion, lifetime testing and modeling, and reliability design.
For magnetic components, there is mature research on the
reliability of electrical machines and line-frequency high
power transformers. The reliability of the insulator, mag-
netic cores, and windings are also investigated in literature.
However, no systematic study of power electronic magnet-
ics in the system-level. To the best of knowledge, no litera-
ture reviews the state-of-the-art on this topic. In this paper,
an overview of the reliability of capacitors and magnetic
components is provided in terms of lifetime testing, failure
mechanisms, lifetime modeling and prediction, and relia-
bility design. The challenges and opportunities for future
research directions are finally addressed.
2 Accelerated Lifetime Testing
Capacitors and magnetic components can fail due to in-
trinsic and extrinsic factors, such as design defect, material
wear-out, operating temperature, voltage, current, mois-
ture, mechanical stress, and so on. Generally, their fail-
ures can be divided into catastrophic failures due to single-
event overstress and wear-out failures due to the long-term
degradation. Lifetime testing is used to identify and model
long-term degradation behavior of the components.
An example of Accelerated Lifetime Testing (ALT) of DC-
link capacitors is given in this part [8]. The purpose of this
testing example is to study the degradation and lifetime of
capacitors under critical stresses. The testing is performed
by a capacitor testing system shown in Fig. 1(a), which is
composed of a climatic chamber with a temperature range
from -70 ◦C to 180 ◦C and a relative humidity level from
10 % to 95 % (within a certain temperature range), rip-
ple current testers, and parameter characterization equip-
ment. By applying the different critical stresses (e.g., volt-
age, current, temperature, and relative humidity level) for
thousands of hours, the degradation behavior in terms of
capacitance decrease and ESR increase can be measured
for lifetime modeling [9].
The first degradation tests of planar transformers is re-
ported in [10] and the corresponding tests are summarized
in Fig. 1(b,c). This testing serves to observe the insu-
lation performance and parameter shifts of power elec-
tronic magnetics under long-term thermal stress. Planar
magnetics are stored at different temperature levels in the
ALT. The inception voltage is measured by the partial dis-
charge (PD) test to evaluate the performance of the insu-
lator. The transformer parameters, e.g., the primary in-
ductance and resistance, leakage inductance, short-circuit
resistance, stray capacitance, and insulation resistance, are
tested with an impedance analyzer. Based on the results at
different degradation stages, the impact of the thermal ag-
ing to those parameters can be understood, which is used
for the failure mechanisms analysis and lifetime modeling
in the next step.
Ripple current tester
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Figure 1 Accelerated lifetime testing experiments of ca-
pacitors and magnetics [8, 10]. (a) A capacitor degrada-
tion testing system. (b) The partial discharge experiment
for insulation degradation tests. (c) The magnetics param-
eters degradation tests. The climatic chamber is omitted
in (b,c).
3 Failure Mechanisms
Based on prior research results, Table 1 gives an overview
of the failure modes, failure mechanisms, and correspond-
Table 1 Overview of failure modes, critical failure mech-
anisms, and critical stressors of the three main types of
DC-link capacitors (with emphasis on the ones relevant to
the design and operation of power converters) [8].
Cap. type Failure modes Critical failure mechanisms 
Al-Caps 
Open circuit 
Self-healing dielectric breakdown 
Disconnection of terminals 
Short circuit Dielectric breakdown of oxide layer 
Wear-out: 
electrical 
parameter drift 
(C, ESR, tanδ, 
ILC, Rp) 
Electrolyte vaporization 
Electrochemical reaction (e.g., 
degradation of oxide layer, anode foil 
capacitance drop) 
MPPF-Caps 
Open circuit 
(typical) 
Self-healing dielectric breakdown 
Connection instability by heat 
contraction 
of a dielectric film 
Reduction in electrode area caused 
by 
oxidation of evaporated metal due to 
moisture absorption 
Short circuit 
(with resistance)  
Dielectric film breakdown 
Self-healing due to overcurrent 
Moisture absorption by film 
Wear out: 
electrical 
parameter drift 
(C, ESR, tanδ, 
ILC, Rp) 
Dielectric loss 
MLC-Caps 
Open circuit 
Severe cracking (e.g., due to 
temperature excursions) 
Short circuit 
(typical) 
Dielectric breakdown  
Cracking; damage to capacitor body 
Wear-out: 
electrical 
parameter drift 
(C, ESR, tanδ, 
ILC, Rp) 
Oxide vacancy migration; dielectric 
puncture; insulation degradation; 
micro-crack within ceramic 
 
ing critical stressors of the three types of capacitors [8].
Electrolyte vaporization is the major wear-out mechanism
of small size Aluminum Electrolytic Capacitors (Al-Caps)
(e.g., snap-in type) due to their relatively high Equivalent
Series Resistor (ESR) and limited heat dissipation surface
[11]. A most important reliability feature of Metallized
Polypropylene Film Capacitors (MPPF-Caps) is their self-
healing capability. Initial dielectric breakdowns (e.g., due
to overvoltage) at local weak points of a MPPF-Cap will
be cleared, and the capacitor regains its full ability except
for a negligible capacitance reduction. With the increase
of these isolated weak points, the capacitance of the ca-
pacitor is gradually reduced to reach the end-of-life [12].
Unlike that of Al-Caps and MPPF-Caps, the Multi-layer
Ceramic Capacitors (MLC-Caps) are expected to insignif-
icant degradation at normal usage conditions. However,
the failure of MLC-Caps may induce severe consequences
to power converters due to the short circuit failure mode.
The dominant failure causes of MLC-Caps are insulation
degradation and flex cracking [13].
For magnetics in power electronics, a systematic overview
of the failure mechanisms is missing. The research on the
line-frequency power transformers and the electrical ma-
chines mainly focuses on the insulation system [15, 16].
The major stressors are temperature, moisture, and oxy-
Transformer No.  01  02   03   04   05   06   07   08   09   10   11   12  
Figure 2 Selected degradation test results of planar trans-
formers at 200 ◦C. The parameters are tested at 100 kHz.
The transformer is with 27×30×10 mm dimension,
300 W rated power, ferrite core, PCB windings where 8
turns for primary and 4 turns for secondary, respectively.
[14].
gen, while the critical failure mode is the breakdown of the
insulation followed by the short-circuit or burning of the
winding and the whole system. Among them, the thermal-
related wear-out is considered as the primary degradation
factor.
There are a few studies on the degradation of the magnetic
core materials. The iron-based amorphous core grows the
oxide layer, and the core loss density increases gradually
during the wear-out [17]. There is the organic binder in the
structure of the iron-power core. Therefore it is with low
resistivity and increased loss density above 125 to 150 ◦C.
The irreversible core loss increase heats up the core itself,
and eventually causes thermal run-away in an inappropri-
ate design [18]. The insulation tape/insulator used in power
electronic magnetics are usually different from the insula-
tion in power transformers and electrical machines. They
are usually with Polyvinyl chloride (PVC), Vinyl, Poly-
imide, mica, etc. Their hydrolysis, thermo-oxidative, and
long term electrical stress cause the wear-out failure and
lose insulation function. The printed circuit board (PCB) is
widely used in planar magnetics, which provides the board
insulation between the copper traces. Its failure modes in-
clude cracks and the evaporation of solder masks under the
stress of high temperature, thermal shock, vibration, hu-
midity, etc [14, 19].
An early study on the degradation analysis of planar trans-
formers is reported in [14]. During the long-term temper-
ature storage test, the parameter shifts are observed, as in
Fig. 2. The likely failure mechanisms are analyzed. The
increase of the winding short-circuit resistance attributes
to the oxidation of the copper layer; the decrease of the
primary winding inductance and resistance are likely due
to the expansion of the core glue or the aging of the core
material; and the leakage inductance does not change sig-
nificantly.
In conclusion, the following research of the failure mech-
anisms of the capacitors and magnetic components are
clearly understood: a) dielectric loss or breakdown of ca-
pacitors; b) insulation degradation at line frequency and
temperature stress; c) thermal aging curve of a few core
materials, e.g., iron-based amorphous core, iron-power
core; etc.
On the other hand, there are still research opportunities
which have not yet been fully understood: a) the impact of
different shape of electrical stress on the failure of capac-
itors; b) the failure mechanisms of capacitors under over
stresses conditions; c) the core glue and its impact on the
magnetic parameters; d) the insulation materials under the
high-frequency excitation; e) the impact of PCB degrada-
tion on the planar magnetics; f) the lifetime indicator and
end-of-life criteria of the power electronic magnetics under
different failure mechanisms and application scenarios.
4 Lifetime Modeling
Lifetime models are essential for lifetime prediction and
condition monitoring. The coefficients are extracted from
the lifetime testing under scalable conditions [8].
The most widely used lifetime model for capacitors is
shown below, which describes the influence of temperature
and voltage stress:
L = L0 × (
V
V0
)−n × exp[( Ea
KB
)(
1
T
− 1
T0
)] (1)
where L and L0 are the lifetime under the use condition
and testing condition, respectively. V and V0 are the volt-
age at use condition and test condition, respectively. T and
T0 are the temperature in Kelvin at use condition and test
condition, respectively. Ea is the activation energy, KB is
Boltzmann’s constant 8.62×10−5eV/K, and n is the volt-
age stress exponent. Therefore, the values of Ea and n are
the key parameters to be determined in the above model.
For electrolytic capacitor and film capacitors, a simplified
model from the above equation is popularly applied as fol-
lows [20]:
L = L0 × (
V
V0
)−n ×2
T0−T
10 (2)
The model corresponds to a specific case of first equation
when Ea = 0.94eV and T0 and T are substituted by 398K.
For MPPF-Caps, the exponent n is from around 7 to 9.4,
which is used by leading capacitor manufacturers.
Equation (1) is also used for lifetime of the insulation un-
der the electrical and thermal stress with different value of
L0, V0, T0, n, and Ea [22]. In power transformers, the in-
sulation is normally considered as the weakest part, and
its lifetime is regarded as the lifetime of the whole trans-
former. A more popular and simpler model from (1) only
B. Nonlinear damage 
accumulation
C. Monte-Carlo Simulation and 
Lifetime Prediction
A. Electro-thermal loading analysis
Mission Profile
Figure 3 Mission profile based lifetime prediction proce-
dure [21].
considers the impact of the temperature, and is recom-
mended in the IEEE standard [23]
L = a× exp( b
T
) (3)
This equation is from the Arrhenius model, and a and b
are constants for different insulation systems temperatures.
Both (1) and (3) can also be applied to the insulation of
the power electronic magnetics, however, the correspond-
ing constants, e.g., L0, V0, T0, n, Ea, a, and b should be
re-determined. There are also other lifetime models con-
sidering the impact of the frequency on the insulation of
the wire [24], the core degradation [14], etc.
Moreover, unlike capacitors using the capacitance value
and ESR as lifetime indicator, power electronic magnetics
are with more parameters. So there should be different life-
time models under different failure mechanisms and end-
of-life criteria with different indicating parameters, which
still needs further investigation.
5 Lifetime Prediction
For constant loading conditions, the lifetime model can be
used directly for lifetime prediction by taking the electrical
and thermal stresses into the model. For long-term mission
profile, the variable loading conditions need be considered
[3, 21]. The mission profile based lifetime prediction pro-
cedure is shown in Fig. 3. A mission profile is applied
as the input, and the lifetime of the capacitor with a cer-
tain confidence level (e.g., 90 %) is the output. The pro-
cedure includes three major steps: electro-thermal loading
analysis, damage accumulation, and Monte-carlo simula-
tion based variation analysis, which are introduced below
using capacitors as the example.
Thermal stress is one of the critical stressors for capacitors,
resulting in the reduction of capacitance and the increase of
ESR due to wear out. The current ripple and ambient tem-
perature are the contributors to the internal thermal stress
of the capacitor. For electrolytic capacitors, the dominant
degradation mechanisms are electro-chemical reaction in
the oxide layer and the electrolyte vaporization. Both fac-
tors lead to an increase in ESR over the operating life of a
capacitor. Especially, the increase of capacitor power loss
causes a higher operating temperature inside the capacitor.
The hot-spot temperature of the capacitor, which is affected
by the current stress and ambient temperature, is derived as
Th = Ta +Rha ×
n
∑
i=1
[ESR( fi)× I2rms( fi)] (4)
where Th is the hot-spot temperature, Ta is the ambient tem-
perature, Rha is the equivalent thermal resistance from hot-
spot to ambient, ESR( fi) is the equivalent series resistance
at frequency fi, Irms( fi) is the RMS value of the ripple cur-
rent at frequency fi. The hot-spot temperature Th can then
be estimated.
The linear and nonlinear accumulated damage model is de-
veloped to describe the real damage progress. The wear out
of the capacitor is indicated by an increase of ESR. Dam-
age is then defined as the ratio of instantaneous to final
ESR growth. By accumulating the damage, the dynam-
ical stresses are converted into static values for each type
of temperature stress. Taking the accumulated damage into
the lifetime model, the equivalent hot-spot temperature can
be derived.
The application of the lifetime model results in fixed ac-
cumulated damage. It is far from reality since the capaci-
tor parameter variations and the statistical properties of the
lifetime model are ignored. In field operations, the time to
end-of-life for the capacitors could vary within a range due
to the tolerance in physical parameters and the difference in
the experienced stresses. Therefore, a statistical approach
based on Monte-carlo simulation is applied [21, 25]. The
sensitivity of the lifetime to temperature tolerance-related
parameters can be evaluated individually or collectively.
Finally, the distribution of the end-of-life of the capacitors
can be obtained, allowing a lifetime analysis with a speci-
fied confidence level.
The lifetime prediction of the magnetics under the long-
term mission profile follows similar steps as capacitors.
However, several aspects are different, which require fur-
ther investigation: 1) the lifetime model of the power
electronic magnetics under different stresses needs further
study and validation; 2) the accumulated damage model for
the power electronic magnetics according to the real dam-
age progress is still missing, etc.
6 Reliability-oriented Design and
Optimization
From the lifetime model, it can be seen that the rated life-
time, voltage stress, and thermal stress are the key factors
affecting the capacitor lifetime. Therefore, the reliability
of capacitors can be optimized by choosing ones with dif-
ferent rated parameters and the actual stresses [26]. For
example, in a capacitor bank with multiple capacitors, the
thermal coupling among capacitors varies with physical lo-
cations. The electro-thermal stresses among individual ca-
pacitors could be different. By optimizing the rated pa-
rameters or actual stresses of the individual capacitor, it is
possible to balance the temperature as well as lifetime in
(a) Without thermal loading re-distribution method.
(b) With thermal loading re-distribution method.
39.2 degree
37.8 degree
36.6 degree
38.4 degree 38.4 degree
Figure 4 Simulation results of a capacitor bank without
and with the thermal loading redistribution solution [26].
(a) conventional solution with 470 µF × 6 capacitors, and
(b) thermal loading redistribution solution with 680 µF ×
4, 560 µF × 4 and 390 µF × 1 capacitors.
a bank. Then, no one capacitor would fail earlier than the
others [7].
One way to match the lifetime of the individual capaci-
tors is by selecting capacitors with different rated lifetime
to configure the capacitor bank. If the lifetime of the in-
dividual capacitor can be the same by optimizing the rated
lifetime, no one capacitor would fail earlier than the oth-
ers. Therefore, the optimization target of the rated lifetime
allocation method is defined as to minimize the lifetime
difference among capacitors.
Another way to achieve the same lifetime is by balancing
the thermal stress distribution. Power loss is the source
for the thermal stress, which is determined by the cur-
rent spectrum and ESR of capacitors. The current flowing
through individual capacitor depends on the capacitance
(or impedance at the specified frequency) of each, because
of the current sharing among capacitors. By changing the
capacitance of the individual capacitor, the correspond-
ing heat injection will change accordingly as well as the
temperature distribution. When the temperature difference
among capacitors is zero, the capacitance for the individual
capacitor in a bank can be acquired for even temperature
distribution to reduce the lifetime mismatch.
The reliability-oriented design of power electronic mag-
netics components is a further research step of the con-
ventional electromagnetic-thermal multi-physics design.
This future work follows after the system-level lifetime
modeling and prediction of power electronic magnetics.
The reliability-oriented design can help the designers not
simply follow the design restrictions, e.g., the electrical
strength and thermal limit, but rather adjust those restric-
tions in order to fulfill the lifetime requirements. On the
other hand, magnetic components are normally regarded as
reliable compared with other devices in power electronics.
Therefore, a minimum design margin of magnetic compo-
nents can be reached to reduce the cost further and fulfill
the requirements of the service life.
7 Summary
This paper presents the state-of-the-art research on the re-
liability of capacitors and magnetic components in power
electronic applications. It can be seen that:
1) reliability of capacitors has been studied extensively, but
more study in terms of the applications dependent evalua-
tion, design, and optimization are necessary;
2) reliability of magnetic components is essential in high
frequency, high density, low cost, or severe applications,
and the parameter shifts or insulation breakdown are likely
to be the major degradation and failure modes;
3) existing research focus on the reliability of cores, insu-
lation, and wire, and a systematic study on the system-level
of magnetics is still missing;
4) there are research opportunities on the reliability for
magnetics, including degradation and failure mechanism,
lifetime modeling and prediction, and reliability-oriented
design and optimization.
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